###### Significance Statement

Methamphetamine use and sexual behaviors are related, but neural responses to drug and sexual cues with respect to shorter or longer term methamphetamine abstinence in individuals with methamphetamine dependence are unclear. Relatively greater methamphetamine cue--related activation in the ventromedial prefrontal cortex was found in men with shorter and longer term methamphetamine abstinence compared with healthy comparison men. Greater sexual cue--related anterior insula activation relative to methamphetamine cues and neutral cues was found in men with shorter and longer term methamphetamine abstinence compared with healthy comparison men. Relatively greater sexual cue--related activation in the left superior frontal cortex was also found in men with longer term methamphetamine abstinence compared with healthy comparison men. Abstinence from methamphetamine may alter how individuals respond to drug and sexual cues and may thus influence drug use and sexual behaviors.

Introduction {#s1}
============

Methamphetamine is a psychostimulant that is widely abused and linked to serious public health problems globally ([@CIT0076]). Methamphetamine use has been associated with sexual activity, as methamphetamine may enhance sexual self-confidence ([@CIT0063]), diminish sexual inhibitions ([@CIT0014]), and increase sexual desire, arousal, and pleasure and delay orgasm both in humans ([@CIT0017]; [@CIT0043]) and animal models ([@CIT0016]). Some individuals who use methamphetamine have reported that sexual enhancement was the primary motivation for their drug use ([@CIT0062]; [@CIT0006]). Animal studies have found that methamphetamine activates the same cells in reward systems as sexual behavior, which in turn suggests that methamphetamine may influence compulsive sexual behaviors ([@CIT0015]).

Multiple addiction studies have focused on dopamine-related reward systems involving the ventral striatum ([@CIT0001]). The ventral striatum may be activated by methamphetamine or cocaine administration in humans and animals ([@CIT0050]; [@CIT0069]). The ventral striatum receives projections of midbrain dopaminergic neurons and has been implicated in reward-based learning ([@CIT0009]) and drug-associated conditioned reinforcement learning ([@CIT0010]); thus, it may mediate the rewarding effects of drugs. However, the transition from voluntary drug-taking to compulsive drug-seeking may be the result of dynamic shifts from ventral to dorsal striatal involvement ([@CIT0011]). For example, chronic stimulant use may shift activation from the ventral to dorsal striatum during drug seeking ([@CIT0061]). As such, different stages of addiction and abstinence may be linked to differences in striatal correlates of reward processing.

However, dopamine-related processes in the striatum may be insufficient to account fully for addiction processes, and other brain regions implicated in reward processing and behavioral control, including the prefrontal cortex (PFC), are important to consider ([@CIT0023]). Within the PFC, the ventromedial PFC (vmPFC) may contribute importantly to reward processing and the development of addictions, as this region engages in emotional processes, stress reactivity, and attentional processes underlying goal-directed behaviors and decision-making ([@CIT0025]). Damage to the vmPFC has been associated with blunted emotional reactivity, poorly modulated emotional reactions, disadvantageous social decision-making, impaired goal-directed behaviors, and lack of insight ([@CIT0002]). Individuals with substance dependence show similar behaviors to patients with bilateral vmPFC lesions ([@CIT0003]), which suggests vmPFC dysfunction in substance dependence.

The anterior insula is another crucial region to consider, as it is implicated in both drug and non-drug craving ([@CIT0018]). As the anterior insula has been implicated in motivation, executive functioning, interoceptive awareness, and decision-making processes, abnormalities in anterior insula function may promote addictive behaviors ([@CIT0045]). Moreover, the relationship between cue-elicited anterior insula activation and treatment outcome has been shown in prior fMRI studies. Janes et al. found that cue-elicited bilateral anterior insula activation may reflect potentiated relapse vulnerability in treated, abstinent smokers, and suggest that insula activation may help identify individuals vulnerable to engaging in addictive disorders ([@CIT0031]).

According to the impaired response inhibition and salience attribution (iRISA) model of addiction ([@CIT0024]), disrupted PFC function could lead to increased salience of drugs and drug-related cues, decreased sensitivity to non-drug cues, and fewer tendencies to inhibit maladaptive behaviors. Enhanced PFC drug-related cue activation has been reported after short-term abstinence (up to a mean of 8 days) in studies of tobacco smoking ([@CIT0030]). However, it was proposed in the iRISA model that in early abstinence, the sensitivity of the PFC to non-drug--related rewards may be markedly attenuated, leading to impaired inhibitory control in individuals with drug use disorders and promoting relapse ([@CIT0024]). As a result, drug seeking and drug taking may become main motivational drives relative to others during early abstinence ([@CIT0067]). However, studies investigating the impact of abstinence on PFC cue reactivity on exposure to drug, drug-related, or non-drug--related cues are limited. The evidence that methamphetamine may increase sexual desire and heighten sexual rewards ([@CIT0055]; [@CIT0014]) may be contrary to the iRISA model. Moreover, although sexual pleasure and orgasm may be significantly impaired after chronic drug use and abstinence, sexual desire and arousal may not be similarly impacted ([@CIT0065]). Thus, investigating how individuals with methamphetamine dependence respond to sexual cues at various stages of abstinence is important from theoretical and clinical perspectives.

Changes in brain systems associated with chronic methamphetamine use may be difficult to reverse merely through drug termination ([@CIT0068]). Vulnerabilities to relapse may persist in relationship to drug cues or drug-use motivations (e.g., to enhance sexual pleasure and performance) after years of abstinence ([@CIT0033]). Furthermore, self-reported impulsivity may increase when abstaining from methamphetamine, potentially promoting relapse ([@CIT0032]). While some drug-related brain alterations may be reversed or partially recovered with increasing abstinence (e.g., longer term abstinence \[12--17 months\] vs shorter term abstinence \[\<6 months\] ([@CIT0066]; [@CIT0072]), understanding neural responses at varying stages of abstinence may provide insight into potential risks for relapse or engagement in other risky behaviors ([@CIT0066]). However, human studies investigating functional responses to cues relating to drug or sexual cues at various stages of abstinence in chronic methamphetamine dependence are lacking.

In this investigation, we employed a functional magnetic resonance imaging (fMRI) cue-reactivity task involving methamphetamine, sexual, and neutral cues to examine neural differences between 2 groups of men with varying degrees of methamphetamine abstinence (shorter term methamphetamine abstinence \[STMA\] and longer term methamphetamine abstinence \[LTMA\]) and relative to a group of healthy comparison (HC) men. We investigated 3 primary hypotheses. First, consistent with addiction relapse theories, we hypothesized that when exposed to methamphetamine cues, both STMA and LTMA groups would exhibit increased activation in the ventral striatum, dorsal striatum, vmPFC, and anterior insula compared with HC participants. Second, consistent with evidence of increased sexual motivations associated with methamphetamine use, we hypothesized that both STMA and LTMA groups relative to HC participants would exhibit relatively increased activation in the ventral striatum, dorsal striatum, vmPFC, and anterior insula when exposed to sexual cues. Third, if protracted abstinence may be associated with recovery of functioning in these regions, we hypothesized that there was the possibility that the brain activation in the ventral striatum, dorsal striatum, vmPFC, and anterior insula in the LTMA groups would be approximating more close than the brain activation in HC participants when exposed to both methamphetamine and sexual cues and would exhibit relatively decreased activation compared with the STMA group. Subsequent whole-brain analyses were performed to investigate potential functional alterations between groups beyond regions of interest. Finally, as engagement in both stimulant use and risky sexual behaviors has been associated with impulsivity ([@CIT0037]; [@CIT0038]), we explored relationships between regional activations and baseline methamphetamine use and impulsivity in STMA and LTMA participants.

Methods {#s2}
=======

Participants {#s3}
------------

Participants were 146 men aged 19--45 years recruited from Hunan Province, China. Individuals with a period of methamphetamine use more than 18 months before entering treatment and meeting the diagnosis criteria of methamphetamine dependence as determined by the Chinese version of the Structured Clinical Interview for Diagnosis and Statistical Manual of Mental Disorders were divided into 2 subsamples. The LTMA (n = 50) sample was a convenience sample that was recruited from individuals scheduled for release from the Pingtang Isolated Compulsory Drug Rehabilitation Center, and the STMA (n = 49) sample was recruited from the Kangda Voluntary Drug Rehabilitation Center. The HC group (n = 47) was recruited from the local community.

Individuals were excluded for meeting criteria for Structured Clinical Interview for Diagnosis and Statistical Manual of Mental Disorders dependence on a substance other than nicotine (or for the methamphetamine groups, methamphetamine); the presence or history of a psychiatric disorder or general medical illness (e.g., cardiovascular disease, high blood pressure); a history of brain injury or loss consciousness of 10 minutes or more; left-handedness; and any contraindications of MRI scanning. All participants reported not having consumed alcohol or any other psychoactive substances for at least 48 hours before scanning, with corroborating information obtained from the doctors caring for the LTMA and STMA participants (as they were inpatients).

The final participant sample of 146 individuals represents a total enrollment of 162 males, 155 of whom completed fMRI procedures, and the exclusion of 9 individuals for excessive head motion. A portion of the LTMA (n = 28) and HC (n = 27) was included in a previous report ([@CIT0028]). All participants completed the Barratt Impulsiveness Scale (Chinese version; [@CIT0047]; [@CIT0039]). This study was approved by the ethical review board of the Second Xiangya Hospital of Central South University, which evaluated the study specifically related to participation of incarcerated individuals and conditions for use of incarcerated individuals in research were met. Participants from the compulsory and voluntary drug rehabilitation centers could decline involvement in the study if they had any concerns, and all participants provided voluntary written informed consent.

Cue-Reactivity Task {#s4}
-------------------

The details for image selection and task design have been described previously ([@CIT0028]). Briefly, the 450-second cue-reactivity task consisted of 6 epochs, each containing three 20-second blocks (methamphetamine, sexual, and neutral images; [Figure 1](#F1){ref-type="fig"}) and one 15-second rest (crosshair). The methamphetamine cue-related images were the images of methamphetamine itself, people who were smoking methamphetamine, or the instruments they used to smoke methamphetamine. Each block contained 5 unique images presented for 3 seconds with a 1-second inter-stimulus interval. Thus, a total 30 images of each cue condition (i.e., methamphetamine, sexual, and neutral) were presented during the fMRI scan. The order of the images and the blocks within epochs were all presented pseudo-randomly to control for order effects across participants ([@CIT0021]; [@CIT0044]).

![Images of representative methamphetamine, sexual, and neutral cues, and the crosshair of the cue-reactivity task.](pyz069f0001){#F1}

fMRI Acquisition and Analysis {#s5}
-----------------------------

Images were obtained using a 3.0-T Siemens scanner (Allegra; Siemens Medical System, Erlangen, Germany) equipped with a standard 20-channel head coil. Blood oxygen-level--dependent data were acquired with an echo-planar imaging sequence: repetition time (TR) = 2000 milliseconds, echo time (TE) = 30 milliseconds, flip = 80°, field of view = 220 × 220 mm, voxel size = 3.4 × 3.4 × 4.0 mm, slice thickness = 4 mm, gap = 1 mm, number of slices = 36 ([@CIT0028]). The first 5 volumes (10 seconds) were removed from analyses to enable the signal to achieve steady-state equilibrium. Image analysis was performed using the Statistical Parametric Mapping 12 software package (SPM12, http://[www.fil.ion.ucl.ac.uk/spm/](http://www.fil.ion.ucl.ac.uk/spm/)). Functional images were realigned to the first volume of each session individually, normalized spatially into Montreal Neurological Institute template standardized space (resampling into 3 × 3 × 3 mm^3^ voxels), and smoothed with an 8-mm full-width-at-half-maximum Gaussian filter. Participants (n = 9) were excluded from further analyses due to head motion in excess of 3 mm and/or 3°.

A general linear model was used to conduct a functional data analysis. First-level models included each series of five 3-second pictures (1-second inter-stimulus interval) modeled as 20-second blocks by condition (methamphetamine, sexual, and neutral) and the 6 motion parameters as regressors. Given that prior findings showed no lateralized effects in cue reactivity in these regions ([@CIT0069]; [@CIT0028]), bilateral region-of-interest (ROI) was used in ROI analyses. Bilateral ROIs were created using labeled regions of the Neuromorphometrics atlas ([www.neuromorphometrics.com](http://www.neuromorphometrics.com)) for the ventral striatum using the accumbens area, for the dorsal striatum using the putamen and the caudate nucleus, for the vmPFC using the medial frontal cortex, and for the anterior insula using the anterior insula ([supplemental Figure 1](#sup1){ref-type="supplementary-material"}). For whole-brain analyses, a cluster-level familywise-error correction threshold of *P \< *.05 was applied to the voxel-level uncorrected threshold of *P \< *.01. Individual average parameter estimates within ROIs and whole brain--identified clusters were extracted for statistical analyses.

Statistical Analysis {#s6}
--------------------

Group-level ROI and whole-brain analyses were performed using 3 × 3 mixed-effects ANOVA with group (STMA, LTMA, HC) as a between-subjects factor, condition (methamphetamine, sexual, and neutral) as a within-subjects factor, and subject as a random-effects factor ([@CIT0041]). ROI analyses and post-hoc testing of whole-brain findings were conducted with R ([@CIT0054]). Post-hoc *t* tests were applied at a regional level to further investigate the nature of findings in regions demonstrating a main effect of group or an interaction of group by condition. One-way ANOVAs were performed to examine group differences within condition, and paired-samples *t* tests were performed in each group to assess condition effects. Subsequent analyses including age, education, tobacco use, and alcohol use as covariates were performed. Relationships between brain activation and baseline methamphetamine use (i.e., duration \[months\] of methamphetamine use and dosage \[grams\] of methamphetamine use) and impulsivity scores were examined using Pearson correlations with a significance threshold of *P \< *.05. A Bonferroni-correction for multiple comparisons threshold of *P \< *(.05/4 = .0125) was applied.

Results {#s7}
=======

Participant Characteristics {#s8}
---------------------------

Participant characteristics were summarized ([Table 1](#T1){ref-type="table"}). All STMA and LTMA participants used methamphetamine by smoking the drug. STMA were younger than HC participants (*P* = .006). STMA participants had the highest education (*P \< *.001), and HC participants reported more education than did LTMA participants (*P* = .027). The duration of methamphetamine abstinence ranged from 1 to 3 months for the STMA group and from 16 to 40 months for the LTMA group. The 3 groups did not differ in proportions reporting smoking, but HC participants were the least likely to report drinking alcohol among the 3 groups (*P* = .001).

###### 

Participant characteristics

  Variable                             HC              STMA            LTMA            F/χ ^2^   df       *P*
  ------------------------------------ --------------- --------------- --------------- --------- -------- --------
  n                                    47              49              50              --        --       --
  Age, y (SD)                          34.19 (7.39)    30.06 (5.51)    32.54 (6.33)    5.02      2, 143   .008
  Education, y (SD)                    10.06 (2.33)    11.90 (2.86)    8.72 (2.25)     20.22     2, 143   \<.001
  Duration of MA abstinence, mo (SD)   --              1.65 (0.84)     19.58 (3.89)    −31.88    1, 97    \<.001
  Age of first MA use, y (SD)          --              24.59 (5.25)    25.44 (6.64)    −0.70     1, 97    .483
  Duration of MA use, mo (SD)          --              66.12 (39.73)   61.64 (32.60)   0.61      1, 97    .541
  Tobacco use, N (%)                   41 (87.23)      42 (85.71)      49 (98.00)      5.12      2        .077
  Alcohol use, N (%)                   7 (14.89)       24 (48.98)      22 (44.00)      13.92     2        .001
  Attentional^*a*^, (SD)               38.00 (12.89)   42.30 (16.49)   51.45 (18.59)   8.76      2143     \<.001
  Motor^*a*^, (SD)                     29.09 (15.72)   39.59 (16.51)   41.95 (18.18)   7.91      2143     .001
  Nonplanning^*a*^, (SD)               35.63 (13.76)   49.80 (17.87)   63.80 (16.68)   36.50     2143     \<.001
  Impulsivity^*a*^, mean (SD)          34.24 (8.96)    43.86 (14.14)   52.40 (14.68)   23.94     2143     \<.001

Abbreviations: HC, healthy comparison; LTMA, longer term methamphetamine abstinence; STMA, shorter-term methamphetamine abstinence; F, F-distribution; df, degrees of freedom.

^*a*^Subscale and total scores reflect validated transformation of Chinese version of Barratt Impulsiveness Scale-11 onto a 100-point scale ([@CIT0039]).

Results {#s9}
=======

Methamphetamine Cue--Related Activation {#s10}
---------------------------------------

There were no group differences or within-subject effects or group-by-condition interaction of methamphetamine cues relative to neutral cues in the ventral striatum, dorsal striatum, and anterior insula ([Figure 2A](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"}, [D](#F2){ref-type="fig"}). ROI analyses revealed a group difference in methamphetamine cue--related activation in the vmPFC ([Figure 2C](#F2){ref-type="fig"}). The STMA relative to the HC group showed greater methamphetamine cue--related vmPFC activation (*P* = .003). The LTMA relative to the HC group showed greater methamphetamine cue--related vmPFC activation (*P* = .020), though this did not survive multiple-comparisons correction. The scatterplot and linear relationships between methamphetamine abstinence duration and methamphetamine cue--related vmPFC activations are shown in [supplemental Figure 2](#sup1){ref-type="supplementary-material"} for STMA and LTMA separately. Within each group, methamphetamine cue--related vmPFC activation was greater than neutral cue--related activation (*P \< *.001). The group difference of methamphetamine cue--related vmPFC activation survived inclusion of covariates for tobacco use, alcohol use, age, and education (*P* = .024). Age and education were mean-centered within groups to adjust for group differences, and there was a negative main effect of age on vmPFC activation in response to methamphetamine cues (beta = −0.244, *P* = .004), and no effects of tobacco use, alcohol use, or education were found (*P*\> .1). No group-by-condition interaction of methamphetamine cues relative to neutral cues in the vmPFC was found. Whole-brain analyses did not identify additional regions with significant methamphetamine cue--related group or condition effects on brain activation.

![Average regional blood oxygen-level--dependent signal differences between and within groups in the ventral striatum (A), dorsal striatum (B), ventromedial prefrontal cortex (vmPFC) (C), and anterior insula (D). Error bars indicate standard error. HC, healthy comparison; LTMA, longer-term methamphetamine abstinence participants; MA, methamphetamine cue; NE, neutral cue; SE, sexual cue; STMA, shorter term methamphetamine abstinence participants. \**P *\< .05, \*\**P \< *.01, \*\*\**P \< *.001.](pyz069f0002){#F2}

Sexual Cue--Related Activation {#s11}
------------------------------

There were no group differences or group-by-condition interactions in sexual cue--related activation in the ventral striatum, dorsal striatum, or vmPFC. Within groups, sexual cue--related positive activation was greater than neutral and/or methamphetamine cue--related activation in the ventral striatum, dorsal striatum, and vmPFC ([Figure 2A--C](#F2){ref-type="fig"}). ROI analyses revealed a significant interaction of group and condition in the anterior insula ([Figure 2D](#F2){ref-type="fig"}). Relative to HC participants, both STMA and LTMA groups displayed greater sexual cue--related anterior insula activation relative to methamphetamine cues (STMA vs HC: *P* = .004; LTMA vs HC: *P* = .016) and neutral cues (STMA vs HC: *P* = .009; LTMA vs HC: *P* = .010), and there were no differences between the STMA and LTMA groups in anterior insula responses (*P*\> .5). Whole-brain analysis identified a significant interaction of group and condition on activation in the left superior frontal cortex (SFC) (peak F = 7.14; peak x, y, z coordinates = −27, −22, 32; Brodmann area 6; cluster size 305, *p*~FWE~ = 0.042) ([Figure 3](#F3){ref-type="fig"}) that was associated with sexual cues. STMA participants showed greater sexual cue--related SFC activation relative to neutral cue--related negative activity (*P \< *.05). LTMA participants showed greater sexual cue--related SFC activation relative to neutral and methamphetamine cue--related deactivation (*P \< *.001). Post-hoc pairwise comparisons revealed LTMA sexual cue--related SFC activation was greater than that in HC participants (*P \< *.001) ([Figure 3B](#F3){ref-type="fig"}). The scatterplot and linear relationships between methamphetamine abstinence duration and sexual cue--related anterior insula activations, methamphetamine abstinence duration, and sexual cue--related SFC activations are shown in [supplemental Figure 3](#sup1){ref-type="supplementary-material"} and [supplemental Figure 4](#sup1){ref-type="supplementary-material"} for STMA and LTMA separately. The significant interaction of group by condition in the anterior insula survived inclusion of covariates for tobacco use, alcohol use, age, and education (*P* = .007), the group difference of sexual cue-related SFC activation also survived inclusion of covariates for tobacco use, alcohol use, age, and education (*P* = .004). Age and education were mean-centered within groups to adjust for group differences, and there were no effects of tobacco use, alcohol use, age, or education on group by condition interaction of anterior insula, or SFC in response to sexual cues (*P*\> .05).

![Interaction of group and condition in the left SFC (A). Average regional blood oxygen-level--dependent signal differences between and within groups in the left SFC are shown in (B). Error bars indicate standard error. HC, healthy controls; LTMA, longer term methamphetamine abstinence participants; MA, methamphetamine cue; NE, neutral cue; SE, sexual cue; STMA, shorter term methamphetamine abstinence participants. \**P \< *.05, \*\**P \< *.01, \*\*\**P \< *.001.](pyz069f0003){#F3}

Relationships Between Methamphetamine Use, Impulsivity, and Regional Brain Activations {#s12}
--------------------------------------------------------------------------------------

LTMA participants reported greater impulsivity relative to HC and STMA participants (*P* = .001), and STMA participants reported greater impulsivity relative to HC participants (*P \< *.001). In STMA participants, attentional impulsivity negatively correlated with sexual cue--related SFC activation (r = −0.371, *P* = .009) ([Figure 4A](#F4){ref-type="fig"}) and methamphetamine cue--related SFC activation (r = −0.340, *P* = .017) ([supplemental Figure 5a](#sup1){ref-type="supplementary-material"}), nonplanning impulsivity negatively correlated with sexual cue--related SFC activation (r = −0.327, *P* = .022) ([Figure 4B](#F4){ref-type="fig"}) and methamphetamine cue--related SFC activation (r = −0.308, *P* = .031) ([supplemental Figure 5b](#sup1){ref-type="supplementary-material"}), though these findings did not survive Bonferroni correction. There were no other relationships between activation in ROI- or whole brain--identified clusters and impulsivity or baseline methamphetamine use.

![Scatterplot demonstrating in the shorter term methamphetamine abstinence (STMA) group a negative correlation between attentional impulsivity and activation in the left superior frontal cortex (SFC) relative to sexual cues (A), a negative correlation between nonplanning impulsivity and activation in the left SFC relative to sexual cues (B).](pyz069f0004){#F4}

All significant findings persisted in subsequent analyses excluding 1 LTMA participant with 40 months of abstinence.

Discussion {#s13}
==========

The present study used a cue-reactivity task involving neutral, methamphetamine, and sexual cues to investigate neurofunctional changes associated with shorter and longer term methamphetamine abstinence. To our knowledge, this is the first study to compare neural responses with methamphetamine and sexual cues after abstinence of varying durations in a large sample with methamphetamine dependence. When exposed to methamphetamine cues, both STMA and LTMA groups relative to HCs exhibited increased activation in the vmPFC but not the ventral or dorsal striatum or anterior insula. Group by condition interaction showed that compared with HCs, sexual cue--related anterior insula activations were greater relative to methamphetamine cues in STMA and LTMA groups, but no anterior insula response differences between STMA and LTMA groups were found. LTMA participants exhibited increased activation relative to HCs in the left SFC when exposed to sexual cues; there were no differences in cue-induced brain activation between the STMA and LTMA groups. However, there was a pattern that the sexual cue--related brain activations in the STMA group appeared intermediate in magnitude between the HC and LTMA groups in the ventral striatum, more so in the SFC.

In this study, when exposed to methamphetamine cues, both STMA and LTMA relative to HC participants exhibited increased activation in the vmPFC, but not the ventral or dorsal striatum or anterior insula, which is partially consistent with our first hypothesis. Previous research has demonstrated an important role of the vmPFC in encoding expected value representations, including greater responses when experiencing greater rewards ([@CIT0004]; [@CIT0022]). In patients addicted to methamphetamine, activation of the vmPFC in response to methamphetamine cues may reflect a dysregulation of this region, demonstrated behaviorally as a preference for smaller immediate over larger delayed rewards ([@CIT0048]) or for the drug itself given a role for the vmPFC in stimulant craving ([@CIT0073]). The vmPFC has also been implicated in the processing and tracking of rewards ([@CIT0034]). As such, the STMA and LTMA groups may be demonstrating greater salience at a neural level to drug-related cues after shorter and longer term abstinence, which is consistent with the iRISA model ([@CIT0024]). The findings also suggest a biological mechanism for recovery in methamphetamine dependence ([@CIT0033]) and a need for interventions beyond abstinence (e.g., cognitive behavioral therapies that involve learning new skills and approaches; [@CIT0007]).

Mixed findings have been reported regarding the ventral striatum, the dorsal striatum, and the processing of drug rewards in drug-abusing individuals, with some studies showing hypoactivity during drug cue exposure ([@CIT0070] Klein et al., [@CIT0070]), others showing hyperactivity ([@CIT0053]). One possible explanation for seemingly conflicting results may relate to different stages of addiction and abstinence. The ventral striatum has been implicated in mediating reinforcing effects of stimulant drugs and neural mechanisms of voluntary drug taking ([@CIT0075]); however, the dorsal striatum has been implicated in compulsive drug seeking ([@CIT0011]). How different stages of abstinence may be linked to differences in striatal correlates of reward processing and how such neural correlates of reward processing may in turn impact abstinence warrant further investigation.

Anterior insula activations in response to sexual cues were greater relative to methamphetamine cues and neutral cues in the STMA and LTMA groups compared with HCs in our study, which is consistent with our second hypothesis. Insula activation in response to sexual stimuli has been reported both in non-drug--using and drug-using individuals ([@CIT0019]; [@CIT0058]). Our study also found a relationship between anterior insula activation and sexual stimuli. Although the anterior insula may be involved in drug craving and drug seeking under specific conditions, our findings suggest that the anterior insula may also contribute importantly to interoception for specifically survival-related functions, such as sex, hunger, and thirst ([@CIT0018]; [@CIT0045]), but this warrants further investigation.

Contrary to hypotheses, there were no group differences in activation in the ventral striatum, dorsal striatum, and vmPFC when exposed to sexual cues. However, within groups, sexual cue--related activation was greater than neutral and/or methamphetamine cue--related activation in the ventral striatum, dorsal striatum, and vmPFC. The greater activation to sexual cues in these 3 regions suggests that chronic methamphetamine use may not be associated with blunted sexual reward processing, which is in seeming contrast to the iRISA and reward deficiency models of addiction ([@CIT0024]; [@CIT0068]) but is consistent with animal research indicating that chronic methamphetamine exposure impairs sexual performance but not sexual conditioning ([@CIT0005]). However, more research is needed to determine if these sexual cue--related neural responses are a consequence of methamphetamine abstinence (i.e., sexual-reward sensitivity has replaced methamphetamine reward sensitivity after abstaining from methamphetamine) or if these alterations are also present in individuals currently abusing methamphetamine.

A whole-brain group-by-condition interaction and post-hoc contrasts indicated that LTMA relative to HC participants showed greater activation of the left SFC in response to sexual cues. The SFC has been implicated in attentional control ([@CIT0026]; [@CIT0012]) and in memory and decision-making processes relevant to goal-directed behaviors ([@CIT0057]; [@CIT0056]). As such, the relatively increased SFC activation may reflect increased attention or attentional control in LTMA in response to the sexual stimuli, although this possibility remains speculative. Given that methamphetamine dependence has been associated with cognitive deficits relating to attention ([@CIT0059]; [@CIT0052]) and attentional deficits have been linked to sexual risk-taking ([@CIT0029]), it will be important to examine further how such features may relate to sexual behaviors among individuals with LTMA.

Within groups, the greater activation in response to sexual cues in the ventral striatum, dorsal striatum, vmPFC, anterior insula, and left SFC in both STMA and LTMA groups may provide insight into the use of methamphetamine for sexual purposes in individuals with methamphetamine dependence. Methamphetamine use can increase sexual libido, pleasure, and stamina while increasing risk-taking behavior, such as unprotected sexual intercourse and sex with multiple partners ([@CIT0049]). Understanding how methamphetamine use, and extended abstinence from methamphetamine, may alter responses to sexual cues may provide insight into this population and inform interventions.

There was a significant negative correlation between attentional impulsivity and left SFC activation to sexual cues in the STMA group, but not among LTMA participants. The findings suggest a complex relationship between SFC activation to methamphetamine and sexual cues, impulsivity, and duration of methamphetamine abstinence among individuals with methamphetamine dependence. Dysfunction of the PFC has been implicated in poor inhibitory control in addictions ([@CIT0024]), and individuals with SFC damage show poor inhibitory control ([@CIT0013]). Speculatively, after longer term abstinence, brain function may have partially recovered from impacts of methamphetamine, but shorter term abstinence may not be sufficient for such effects. Previous studies in attention-deficit/hyperactivity disorder (ADHD) ([@CIT0060]) and healthy individuals ([@CIT0027]) have also reported negative correlations between impulsivity and neural activations, which may suggest a "trait-like" characteristic across different groups. However, impulsivity as assessed here may also reflect a self-perception of one's tendencies that may be sensitive to stage of abstinence from methamphetamine. As such, given stimulant use in ADHD groups ([@CIT0074]; [@CIT0042]), further research is needed to examine whether the current findings may have implications for the understanding of the neurobiology and clinical features of ADHD, especially with respect to stimulant use and sexual behaviors.

The current findings suggest that brain function may not fully change simply through drug abstinence ([@CIT0068]). Some behavioral and medication interventions in treating drug addictions have focused on reducing cue-elicited craving ([@CIT0064]; [@CIT0071]; [@CIT0046]); however, interventions are not uniformly successful ([@CIT0008]). A recent study suggests that training in selective attentional processing of natural rewards over drug rewards may help alter reward processing networks to be more responsive to natural rewards and reduce drug-related motivations and relapse ([@CIT0020]). However, the current findings suggest that individuals in remission from methamphetamine dependence may exhibit heightened responses to sexual cues, and the extent to which such training may influence responses to sexual rewards warrants consideration and research.

In the present study, there were no differences in cue-induced brain activation between the STMA and LTMA groups when exposed to both methamphetamine and sexual cues. However, the magnitudes of responses suggested that the brain activation to sexual cues in the STMA group was intermediate (albeit not in a statistically significant fashion) between the HC and LTMA groups in the ventral striatum and the SFC, but not in the dorsal striatum, vmPFC, or anterior insula. The ventral striatum has been found to activate in response to methamphetamine in drug-naïve humans ([@CIT0069]) and has shown greater activation in individuals with current methamphetamine dependence compared with those without when performing the Balloon Analogue Risk Task ([@CIT0036]). However, the ventral striatum was not implicated in methamphetamine cue responsiveness across groups, although responses to sexual cues were linked to ventral striatal activation. The extent to which these findings may relate to functional recovery from drug dependence following extended abstinence (i.e., up to 40 months) warrants investigation in longitudinal studies ([@CIT0001]). Protracted abstinence from methamphetamine may reverse some drug-induced alterations in brain function ([@CIT0066]; [@CIT0072]), and this may explain some findings in the LTMA group relative to the STMA group, although this too warrants additional investigation.

Several limitations of the present study should be noted. First, this was a cross-sectional study. Preexisting differences in neural functioning in the LTMA and STMA groups may have been present; hence, future longitudinal studies are indicated. Second, STMA participants were not well matched on age and education to the LTMA or HC participants, as STMA participants tended to be younger and have more education. HC participants were not well matched on alcohol use to the STMA or LTMA participants, as HC participants were the least likely to report drinking alcohol among the 3 groups. However, when including age, education, and alcohol use as covariates, the main findings persisted. Third, STMA and LTMA participants were recruited from voluntary and compulsory drug rehabilitation centers, respectively. As such, differences in motivations for treatment and the abstention from sexual activities may have influenced neural responses to methamphetamine and sexual cues. Hence, future studies should gather information on motivations for treatment and other domains that may differ in voluntary vs compulsory treatment programs. Fourth, due to a limited number of methamphetamine-dependent females completing study procedures (n = 3), the current analyses were limited to males, and it will be important to examine neurofunctioning in women with methamphetamine dependence in future studies given gender-related differences noted in studies of stimulant dependence ([@CIT0051]; [@CIT0035]). Fifth, we did not evaluate participants' craving or other subjective responses to the sexual and methamphetamine cues, such as their use of methamphetamine for sexual purposes. This may have been relevant to the current study in that SFC activation has been related to cravings for drug and responses to drug-related cues ([@CIT0040]; [@CIT0056]). Sixth, we did not test the lateralized effects in the ROI analyses; further study could consider exploring each region for effects of laterality. Seventh, the whole-brain analysis was performed without covariates to adjust for group differences in age, education, and alcohol use. It is possible that analysis incorporating these covariates may have resulted in an altered pattern of regional group differences. Another limitation was the absence of the use of urine screening tests to confirm absence of psychoactive drug use in all participants.

Duration of abstinence may impact responses to sexual cues more so than to methamphetamine cues in individuals with methamphetamine dependence. Greater vmPFC activation to methamphetamine cues was observed in both the STMA and LTMA groups relative to HC participants, but our approach identified no differences in methamphetamine cue--related activation between STMA and LTMA groups. Greater anterior insula activations in response to sexual cues relative to methamphetamine cues and neutral cues in STMA and LTMA groups compared with HCs were observed. Greater SFC activation to sexual cues was observed in LTMA but not STMA participants compared with HCs. Activation in the ventral striatum, dorsal striatum, vmPFC, anterior insula, and SFC in response to sexual cues was greater than responses to neutral and/or methamphetamine cues both in STMA and LTMA participants. These findings may have clinical relevance given the use of methamphetamine for sexual purposes and the relevance of neural and behavioral responses to natural vs drug rewards for addiction recovery. Future studies investigating individuals at multiple stages of addiction and abstinence could help clarify functional alterations that may represent preexisting features, consequences of chronic methamphetamine exposure, and recovery from methamphetamine dependence.
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